A B S T R A C T Quantitative morphologic methods were used to measure the effects of feeding a low phosphorus diet to intact and thyroparathyroidectomized rats on several processes of bone mineralization and turnover. In severely hypophosphatemic animals, the matrix formation rate was decreased, the osteoid maturation rate was decreased, which indicated a delay in the onset of mineralization, the initial rate of mineralization was decreased, and the endosteal osteoclastic bone resorption rate was increased. In moderately hypophosphatemic animals, there was a substantial increase in bone resorption but no change in formation or in mineralization. The increase in endosteal bone resorption was due to an increase in the linear rate of bone resorption and particularly to an increase in the length of the endosteal resorbing surface. The magnitude of the increase in bone resorption was similar in thyroparathyroidectomized and intact rats indicating that neither parathyroid hormone nor calcitonin is involved in this change. This, together with the finding that there was a strong negative correlation (r = -0.99) between the per cent endosteal resorbing surface and the serum phosphorus, supports the view that the increased resorption was due to hypophosphatemia. This inverse relationship between endosteal resorbing surface and serum phosphorus appeared to hold for values of serum phosphorus above normal. The resorptive response to hypophosphatemia, as previously shown for the resorptive response to excess endogenous parathyroid hormone, was partially inhibited by vitamin D deficiency. Increased resorption occurred at levels of serum phosphorus where no changes were observed in bone formation, mineralization, or growth, suggesting that this resorptive response functions as a homeostatic mechanism to maintain serum and intracellular phosphorus concentrations.
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INTRODUCTION
Numerous studies in the old as well as in the more recent literature establish that hypophosphatemia has important effects on bone metabolism (1) (2) (3) (4) (5) . Raisz, using tissue culture methods, has recently demonstrated a direct relationship between matrix formation and the level of phosphorus in the medium (5) . Phosphorus-depleted experimental animals (2) and human subjects (3) de- velop impairment of mineralization as manifested by rickets or osteomalacia. A low phosphorus diet fed to rats results in enlargement of the medullary cavity (1), a finding suggestive of increased endosteal osteoclastic resorption. Further support for the concept that hypophosphatemia stimulates bone resorption is found in the studies by Raisz and Niemann showing that in tissue culture a reduction of the level of phosphorus in the incubation medium is associated with increased resorption (6) .
However, these past studies provide little information on the effects of hypophosphatemia on the specific processes involved in matrix formation and mineralization and bone resorption, and changes in rates of these processes due to hypophosphatemia have not been measured directly in vivo. Furthermore, the nature of the impairment of mineralization as a result of hypophosphatemia has not been established. The over-all process of mineralization can be divided into two stages: the initiation of mineralization and the increase in mineral concentration once mineralization is initiated at the mineralizing front (7) . Although neither of these two stages has been quantitated in the presence of hypophosphatemia, past studies showing that osteoid width is increased in hypophosphatemic animals (2) and that mineral deposition may be increased in the presence of hyperphosphatemia, (8) suggest that the level of serum phosphorus may be rate limiting in both of these processes.
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The present study was undertaken to define more clearly the effects of hypophosphatemia on bone. The effects of low to normal dietary phosphorus levels on the above mentioned processes were measured in the rat by means of quantitative morphologic techniques.
METHODS
Because a detailed treatment of the methods used in this study has been given elsewhere (7, 9, 10) , only a brief description of the parameters relating to the processes of formation, mineralization, and resorption will be presented. The method used to measure the rates of formation and resorption takes advantage of the fact that in the tibial diaphysis of growing rats there is a progressive increase in bone area due to bone formation and a progressive increase in medullary cavity area due to bone resorption (10) . During the measuring period all rats are injected daily with tetracycline1 so that all new bone formed during this period can be identified by its tetracycline fluorescence.
Bone parameters
Bone formation rate (cubic millimeters per day). This is the amount of mineralized bone formed at the periosteum or endosteum per day. It is determined from the amount of bone labeled with tetracycline during the measuring period.
The bone formation which occurs around vascular canals and which makes up about 10% of the bone formation occurring in our sampling site (10) (10) and is ignored. The endosteal bone resorption rate is equal to the change in medullary area plus the endosteal bone formation rate (7, 9, 10) . The endosteal bone formation rate is determined by the tetracycline-labeling procedure, and the change in medullary area during the experimental period is determined by sacrificing one group of animals at the beginning of the experiment for measurements of basal medullary area and subtracting this from the medullary area found at the end of the experiment in another group of animals. Linear rate of endosteal bone resorption (microns per day). This is the mean width of endosteal bone resorbed per day and is calculated by dividing the total volume of bone resorbed at the endosteum by the length of the endosteal-resorbing surface. It is analogous to the bone apposition rate.
Diets
The semisynthetic diet used in this work has been described elsewhere (12) . The diet used for intact control animals contains 0.6% calcium and 0.6% phosphorus. By varying the concentrations of salts (potassium phosphate, calcium carbonate, and potassium chloride) added to the diet, we obtained diets with final calcium concentrations from 0.6 to 1.2%o, with final phosphorus concentrations from 0.2 to 0.6%o and with a constant potassium concentration. Casein, the dietary protein source, supplies 0.2%o phosphorus to the diet.
In order to study the effects of a very low concentration of phosphorus in the diet, fibrin instead of casein was used as the source of protein, and the amount of phosphorus in the fibrin was such that with the phosphate salts omitted, the final concentration of phosphorus in the diet was 0.04%.
Serum chemistries
Blood was obtained by cardiac puncture at sacrifice or from a tail vein when a series of determinations were made on the same animals. Total serum calcium and phosphorus determinations were made as previously described (7), and ionized calcium was measured on freshly obtained serum by means of an Orion model 98-20 flow-through electrode system (Orion Research, Inc., Cambridge, Mass.) (13) .
Experiments
(1) Effects of a 0.2% phosphorus diet on intact rats. Weanling rats were divided into 3 groups of 12 animals each. One group was injected i.v. with 20 mg/kg of tetracycline and sacrificed 2 hr later for base line measurements of bone parameters. The other two groups were injected i.p. with tetracycline daily starting at the time that the basal group was sacrificed and continuing until 2 days before sacrifice. At the time the tetracycline injections were started, the level of dietary phosphorus in the experimental group was reduced to 0.2%. The control rats were pair fed with the experimental group. 11 days after starting the tetracycline injections, the two groups were sacrificed 2 hr after a final i.v. injection of tetracycline, and the tibias were removed for analysis. The final tetracycline injection was given to determine the final mineralizing front width, which is needed to calculate the mineralization rate (7).
(2) Effects of a 0.04%o phosphorus diet on intact rats. Weanling rats were divided into two groups of eight animals each. At the beginning of the experimental period, all rats were injected subcutaneously with 15 mg/kg of tetracycline. At this time, the experimental group was given a diet containing 0.6% calcium and 0.04%o phosphorus with fibrin as the source of protein, and the control group was given the same diet except that sufficient potassium phosphate was added so that the phosphorus content was 0.6%. The control group was pair weighted with the experimental group. 14 days later all rats were sacrificed, and the tibias were removed for analysis. Body weight was determined after removal of stomach and intestines to avoid the effect of differences in gut contents on body weight. The basal values obtained in experiment 1 were used to calculate the bone resorption rate in experiment 2 since the rats in both experiments were the same age at the beginning of the experiment. Because of this, the values for the bone resorption rate in this experiment are probably not as reliable as those in the other experiments.
(3) Varying dietary phosphorus levels on thyroparathyroidectomized (TPTX)' rats. Using ether anesthesia, weanling rats were TPTX by blunt dissection. The rats received a diet containing 0.6% calcium and 0.6%o phosphorus and were injected every other day with 4 ,ug of L-thyroxin (Levoid; Nutrition Control Products, Hollywood, Fla.). 3 days after TPTX, blood samples were drawn from the tail for 2 Abbreviation used in this paper: TPTX, thyroparathyroidectomized. serum calcium analysis. Rats with serum calcium values of less than 9.0 mg/100 ml were divided into groups of five or six animals each. Each group was then started on a diet containing 1.2% calcium and from 0.25 to 0.6%o phosphorus. 10 days later the rats were sacrificed, and the tibias were removed for analysis.
(4) Effects of a 0.25% phosphorus diet on TPTX rats.
TPTX rats were divided into 3 groups of 10-15 animals each. The first group was sacrificed 2 hr after an i.p. injection of 10 mg/kg of tetracycline for base line measurements of bone parameters. At this time, the control group was given a 1.2%o calcium and 0.55%o phosphorus diet, and the experimental group was given a 1.2% calcium and 0.25% phosphorus diet. Both groups were injected i.p. every 3rd day with tetracycline starting at the time the basal group was sacrificed. 10 days later and 2 hr after the last i.p. injection of tetracycline, the rats in the two final groups were sacrificed, and the tibias were removed for analysis.
(5) Effects of length of depletion period. Groups of TPTX rats, six rats per group, received a diet containing either 0.55 or 0.30% phosphorus and 1.2% calcium. At 0, 1, 2, 4, and 10 days, one group from each dietary level of phosphorus was sacrificed, and the tibias were removed for analysis.
(6) Effects of a diet containing 0.25% phosphorus and no vitamin D. 3 groups of TPTX rats, 12 rats per group, were used. After TPTX, all groups were given a diet containing 0.55% phosphorus and 1.2% calcium, but in one group vitamin D was omitted from the diet. When the rats were 33 days of age, the dietary phosphorus was reduced to 0.25% in the vitamin D-deficient and one other group, and 10 days later all groups were sacrificed, and the tibias were removed for analysis. RESULTS A low phosphorus diet (0.2%) fed to intact rats resulted in hypophosphatemia and hypercalcemia (Table I ). In another experiment we found in hypophosphatemic rats that the serum ionized calcium was increased and that the increase in this fraction contributed to the increase in total serum calcium (Table II) . In intact hypophosphatemic rats there were a number of changes in bone, the most striking of which were related to the process of endosteal bone resorption. The length of the endosteal resorbing surface was increased, and the medullary area was enlarged due to an increase in the rate of endosteal bone resorption (Tables I and  III) . The increase in endosteal resorbing surface was not simply due to an increase in total endosteal surface because the amount of forming surface decreased in the experimental group during the experiment, indicating that at least part of the increase in resorbing surface was due to a conversion of forming surface to resorbing surface.
Changes also were found in matrix formation and mineralization (Table III) . There were statistically significant decreases in the rates of both periosteal matrix formation and periosteal matrix apposition. However, despite similar food intakes, the hypophosphatemic group weighed less than the control group at the end of the experiment, and the decrease in final body weight was similar to the decrease in periosteal and in total (periosteal plus endosteal) matrix formation - (Tables I and III) . Thus, the decrease in bone formation may have been part of a generalized inhibition of growth rather than a specific effect of the low phosphorus diet on bone formation. In the hypophosphatemic group, there was an increase in osteoid width which resulted converted to resorbing surface and as a result a portion of tetracycline-labeled bone was resorbed. For example, in the low phosphorus group of the TPTX study, since maximum endosteal label width was reduced 30% and since mean endosteal forming surface during the measuring period was reduced 40%, the true reduction in endosteal bone formation was about 60% as opposed to the 85% indicated by the rates in the Table. ¶ Total indicates both periosteal and endosteal formation. ** P < 0.05. (Table  III) . In order to determine if more severe phosphorus depletion would result in a decrease in matrix formation unrelated to weight gain and a greater inhibition of mineralization, rats were fed a lower (0.04%o) phosphorus diet, and the control group was pair weighted with the experimental group. These rats developed more severe hypophosphatemia and more marked changes in all bone parameters (Table IV and Fig. 1 ). As can be seen in Table IV these severely hypophosphatemic animals had a marked decrease in periosteal matrix formation. In addition, osteoid width was increased 113%o (Fig.  2) , a change which in our experience is similar in magnitude to that seen in patients with phosphate diabetes.
The changes in bone resorption were also greater in this experiment. There was a 342% increase in endosteal bone resorption rate and as a result a marked increase in medullary area (Fig. 1) . Almost the entire endosteal surface was involved in active bone resorption and even a portion of the periosteal forming surface was converted to resorbing surface in five of the eight rats in the experimental group, whereas normally in our sampling site all of the periosteal surface is involved in formation.
Because of the increased endosteal resorption and the decreased periosteal formation, cortical thickness was markedly decreased (Table IV, Fig. 1) .
A number of experiments were done to explore further the relationship between the level of dietary phosphorus and the process of endosteal bone resorption. TPTX rats were studied to determine if the increased bone resorption would occur in the absence of parathyroid hormone and calcitonin. The ideal control for such an experiment would be a TPTX rat with normal levels of calcium and phosphorus. A preliminary experiment was done to determine if, by varying the level of phosphorus intake, we could obtain normal levels of serum calcium and phosphorus in TPTX rats. Fig. 3 shows that the serum phosphorus level rose with the increase in dietary phosphorus level and that there was a reciprocal relationship between the serum calcium and phosphorus. By interpolation, a diet containing 1.2% calcium and 0.55% phosphorus should result in normal levels of both serum calcium and phosphorus in TPTX rats.
When this diet was fed to TPTX control rats, they did in fact have normal levels of serum calcium and phosphorus, whereas rats fed a 0.25% phosphorus diet had hypophosphatemia in association with marked increases in the parameters relating to bone resorption (Tables I  and III) . Thus, the low phosphorus diet resulted in a A B FIGURE 1 Bright-field photomicrographs of cross sections of the tibial diaphysis on the 14th day of the experimental period from (A) a pair-weighted control rat and (B) a rat fed a 0.04% phosphorus diet. The medullary area is increased, and the cortical thickness is decreased in the test animal. X 25.
stimulation of bone resorption even in the absence of the parathvroid and thyroid glands. In contrast wdith intact hypophosphatemic rats, the decreases in bone formation and mineralization were not statistically significant in the TPTX hypophosphatemic rats, possibly because the dietary level of phosphorus was slightly higher in the TPTX than in the intact experimental group (Table  III) . Thyroparathyroidectomy per se does not reduce bone formation 3 and therefore does not explain the lack of change in this experiment.
In TPTX rat fed diets containing from 0.25% to 0.6% phosphorus, there was an inverse relationship between the dietary level of phosphorus and two functions of endosteal osteoclastic bone resorption: the length of the endosteal resorbing surface and the medullarv area (Fig.  4, top) . Evidence of increased resorption was found at a dietary phosphorus level (0.4%) which did not cause changes in either osteoid width or in three growth parameters: tibial length. total area, and body weight (Fig. 4) . The relationship between serum phosphorus, ranging from S to 15 mg/100 ml and per cent endosteal resorbing 'Baylink, D., J. Wergedal, M. Stauffer, and C. Rich.
To be published. surface is shown in Fig. 5 . In the four TPTX groups given different levels of dietary phosphorus, there was a strong negative correlation (r =-0.99, P < 0.001) between these two parameters. As can be seen, the change in per cent endosteal resorbing surface as a function of serum phosphorus appeared to be of similar magnitude in TPTX and intact rats. In another group of TPTX rats with a mean serum phosphorus well above the normal level of 10 mg/100 ml, the per cent endosteal resorbing surface was considerably less than normal, suggesting that the inverse relationship between these two parameters holds for serum phosphorus values above normal.
When groups of TPTX rats were sacrificed after varying periods of phosphorus depletion, hypophosphatemia was evident 24 hr after the low phosphorus diet was started whereas an increase in endosteal resorbing surface was not found until at least 4 days on this regimen (Fig. 6) . Bone resorption may have been increased by an increase in linear rate at an earlier time than the increase in resorbing surface. and the lack of a detectable change in medullarv area (Fig. 6) Table  III , the low dietary phosphorus group had lower serum phosphorus and higher per cent endosteal resorbing surface than the control group (Fig. 7) . As compared with the low dietary phosphorus group, the low dietary phosphorus and vitamin D-deficient group had an even lower serum phosphorus but a lower rather than higher per cent endosteal resorbing surface. Nevertheless, the per cent endosteal resorbing surface was greater in the low dietary phosphorus and vitamin D-deficient group than in the control group, indicating that vitamin D deficiency only partially inhibited the expected increase in the per cent endosteal resorbing surface.
DISCUSSION
The results of this study show that in rats with moderate hypophosphatemia there is a significant increase in osteoclastic bone resorption but no change in matrix formation or mineralization, whereas in rats with severe hypophosphatemia, there is a marked stimulation of bone resorption and, as well, a marked inhibition of matrix formation and mineralization (Tables III and   IV) .
Raisz found a marked reduction in the incorporation of radioproline into bone matrix in tissue culture when the phosphorus concentration in the medium was reduced from about 13 to 6 mg/100 ml (5) . This is consistent with our finding that when the serum phosphorus was markedly reduced from about 10 to 5 mg/100 ml, there was a marked reduction in periosteal matrix formation (Table IV) . However, when the serum phosphorus was reduced from about 10 to 7 mg/100 ml (i.e. when the dietary phosphorus level was reduced from 0.6% to 0.4%), total area, which is a measure of periosteal bone formation, was unchanged (Figs. 3 and 4) . Thus, in this work, formation remained normal until the serum phosphorus fell below about 7 mg/100 ml, whereas further decrements caused a sharp inhibition of formation.
Some years ago Freeman and McLean reported that FIGURE 2 Fluorescence photomicrographs of periosteal osteoid on the 14th day of the experimental period from (A) a pair-weighted control rat and (B) a rat fed a 0.04% phosphorus diet. Osteoid width, as indicated by the arrows, is considerably increased in the test animal. X 315.
phosphorus-depleted animals develop wide osteoid seams (2) . We have confirmed this observation and, in addition, have shown that this is the result of a delay in the onset of mineralization as indicated by the finding that the osteoid maturation rate was decreased (Tables III  and IV) . Studies from this and other laboratories indicate that osteoid undergoes a number of chemical modifications or "matures" before mineralization (7, 11) . We have interpreted this to indicate that cell-mediated processes are essential to the initiation of mineralization, and accordingly, the findings in this study suggest that severe hypophosphatemia inhibits these cell-mediated changes. Accompanying this inhibition of osteoid maturation was a comparable inhibition of the initial rate of mineralization. This observation is of particular interest because all of the other variables that we have studied thus far, including vitamin D deficiency (7), calcium deficiency (14) , and fluoride intoxication (9), also have been found to cause an inhibition of both rates, suggesting that these two rates share common rate-limiting factors.
One of the most significant findings in hypophosphatemic rats was the marked stimulation of osteoclastic bone resorption, a finding which is consistent with our previous observation that acid 8-glycerophosphatase is increased in bone homogenates from hypophosphatemic rats (15) . In our sampling site, all of the periosteal surface is normally involved in formation and even when the endosteal resorption rate was increased 440% in rats fed a calcium-free diet, none of the forming surface at the periosteum was converted to resorbing surface.' However, in hypophosphatemic rats, the intensity of the resorptive stimulus was so great in rats fed the 0.04% phosphorus diet that a portion of the periosteal surface became involved in resorption. Although the number of osteoclasts was not counted, it is difficult to envision that the observed large increase in endosteal-resorbing surface occurred without an increase in the number of osteoclasts. The increase in the volume of bone resorbed was not entirely due to increased osteoclastic proliferation, for we also observed an increase in the linear rate of bone resorption which is a measure of the resorptive activity per osteoclast.
Our finding that the magnitude of the increase in bone resorption was similar in intact and TPTX rat fed similar levels of dietary phosphorus indicates that parathyroid hormone and calcitonin were not involved in this response (Table III) . This, together with the finding that there was a high negative correlation between serum phosphorus and per cent endosteal-resorbing surface, is consistent with the conclusion that hypophospha- Each point represents a mean value from five to six rats. The indicated mean normal values for serum calcium and phosphorus were obtained from intact rats fed a normal diet containing 0.6% calcium and 0.6% phosphorus. (Fig. 5 ). This conclusion is also supported by in vitro studies showing that bone resorption is enhanced by lowering the concentration of phosphorus in the medium (6, 16) . Although hypercalcemia, which is known to stimulate cell proliferation (17) , was present in these studies, it does not seem a likely explanation for the observed osteoclastic proliferation, in view of the experiments of Raisz and Niemann (6) showing that the resorptive response to a low level of phosphorus in the medium is reduced by increasing the level of calcium in the medium.
When animals were placed on a low dietary phosphorus regimen, the endosteal-resorbing surface was not demonstrably increased for at least 4 (Fig. 4) In this study we showed that vitamin D deficiency reduced the effect of hypophosphatemia to increase the endosteal resorbing surface (Fig. 7) , and in a previous study we showed that vitamin D deficiency also reduced the effect of endogenous parathyroid hormone to increase the endosteal resorbing surface (7). Thus, two quite different factors, parathyroid hormone and hypophosphatemia, both stimulate bone resorption optimally only when vitamin D is present. In addition, it has been shown that pharmacologic doses of vitamin D in vivo (19) and an active metabolite of vitamin D (25-hydroxycholecalciferol) in vitro (20) cemia. Since a major effect of calcitonin is to decrease bone resorption (10), the findings of increased bone resorption and hypercalcemia in intact hypophosphatemic rats suggest that calcitonin does not effectively inhibit the increased bone resorption caused by hypophosphatemia. This interpretation is consistent with the findings of Copp and Kuczerpa who found that the hypocalcemic effect of calcitonin was substantially less in animals fed a low phosphorus diet than in those fed a normal or high phosphorus diet (21) . It has been shown that during phosphorus depletion, phosphorus is removed from bone and utilized in soft tissues, and only late in the course of phosphorus depletion is there a decrease in phosphorus concentration in soft tissues (1) . This suggests that the stimulation of bone resorption in response to hypophosphatemia is a fundamental part of a homeostatic mechanism to maintain extracellular and probably intracellular phosphorus concentration at the expense of bone phosphorus. This concept is supported by our findings that the resorptive response to changes in serum phosphorus were not only marked but evident over a wide range of serum phosphorus levels including the normal range. This concept is also consistent with the hypothesis advanced by Tarlo (22) and others that bone originated not primarily as a supporting structure but as a store for phosphorus.
The marked inhibition of mineralization observed in this study supports the conclusion by de Deuxchaisnes and Krane that hypophosphatemia per se can account for the mineralization defect seen in patients with phosphate diabetes (23) . In contrast with the results of this study, Kelly, Jowsey, Riggs, and Elveback found, in bone biopsies from patients with osteoporosis, a positive rather than a negative correlation between resorbing surface and serum phosphorus (24) . However, since our results clearly establish that serum phosphorus is an important regulatory factor in bone resorption in experimental animals, we would also expect to see this relationship in human subjects. What remains to be clarified in human subjects is whether changes in serum phosphorus within the physiological range produce changes in bone resorption of sufficient magnitude to be of clinical importance.
